The process of decellularization of the cornea leads to the removal of cells and antigens. However, during decellularization the ultrastructure of the corneal matrix is usually damaged and a secondary conformation of the collagen fibrils is modulated resulting in altered transparency and physical properties. The strategy for recovering modulation in collagen conformation may help to attain the native physical properties and transparency of the cornea. Decellularized corneas were treated with varied concentrations of glycerol and dextran, and the collagen conformation was monitored by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), x-ray diffraction (XRD) and Raman spectroscopic analysis. The peak at ~4 Å in XRD established the presence of transitional conformations that decreased with the application of osmoregulatory agents, but could not be completely eliminated. This was validated by the results of ATR-FTIR and Raman analysis. Importantly, the mechanism of this loss and the regaining of transparency has been proposed on the basis of the detachment of decorin molecules from the collagen triple helices, due to the change in collagen conformation during decellularization, and the subsequent partial reversal due to the desiccation effect of the osmoregulatory agents on collagen molecules. Taken together, collagen conformational transition can be considered as an indexing tool for the development of improved decellularization techniques.
Introduction
In developing countries like India, a major portion of the collected corneas from recently deceased cadavers becomes incompatible for implantation due to improper storage and transportation to the hospitals or eye banks. This creates the need to develop improved strategies that could facilitate the use of these poorly preserved corneas. Deep anterior lamellar keratoplasty (DALK) does not require a donor cornea of full thickness, as both the Descemet's membrane and the endothelium of the recipient are preserved. Hence such non-optical grade corneas may be decellularized and used as potential candidates for DALK [1] . DALK using decellularized corneas could avoid risks such as graft rejection, corneal opacification and irregular astigmatism [2] .
Conventional methods of decellularization are often inefficient in removing the cells and antigens completely, in addition to damaging the organization of the extracellular matrix [3] . A recent study demonstrated the effect of the decellularization of human corneas at varied temperatures using a combination of silica gel and glycerol. It was reported that samples kept at 4 °C for 3 months are well preserved in terms of transparency, strength and thickness as compared to those at sub-zero temperatures [4] , while room temperature storage leads to a disruption of the parallel alignment of the collagen bundles with an increase in corneal thickness. The samples kept at −80 °C were found to be the least antigenic, but the CD 45, HLA-ABC and HLA-DR antigens were positive in all corneas, leading to the possibility of evoking an immune response in the host post-implantation. An effective method for corneal decellularization using a perfusion bioreactor with TRITON-X100 at a regulated rate directly through the corneal tissue has recently been devised by our group [3] . The controlled flow of detergent through the tissue increased decellularization efficiency, while preserving the extracellular matrix, as compared to other methods of decellularization. However, the study suggests that although the damage to the matrix ultrastructure can be minimized by adopting an improved strategy, it cannot be completely circumvented due to the inclusion of various chemical and physical forces during the process of decellularization [3] . This damage is accompanied by the loss of transparency of the corneas resulting from damage to the matrix ultrastructure, modulation in collagen conformation and excessive hydration of the tissue. A strategy of simultaneous dehydration and refolding of the collagen to native conformation may offer the potential to reverse this loss of corneal transparency caused during decellularization.
The regular lattice arrangement of the collagen fibrils, maintained by the proteoglycan bridges in between them, and their optimum hydration is crucial for maintaining corneal transparency [5] . Osmotic agents like glycerol and dextran have long been used for the preservation of corneas [6] by regulating the osmolarity of the tissue and dehydrating it to an optimum level while maintaining its transparency. This aids the long-term storage of corneas [6] [7] [8] . Several studies have investigated the effect of glycerol treatment on the morphological and mechanical properties of native cornea. Li et al studied the effect of anhydrous glycerol and its combination with aluminosilicate molecular sieves at different temperatures for 3 months. They found that anhydrous glycerol at −78 °C is the most suitable for sample preservation over other groups which cause damage to the corneal ultrastructure [9] .
Similarly, dextran, another commonly used osmotic agent, was first introduced in corneal storage (McCarey -Kaufman media) which contained 5% dextran for maintaining the osmolarity of the solution [10] . While subsequent generations of corneal storage media comprise Dexsol (Chiron Ophthamics, Irvine, CA, USA) (1%), Optisol-GS (Bausch & Lomb, Inc., Rochester, NY, USA) (1%) and Eusol-C (AlChimia, Padova, Italy) (6%), all contain dextran in varying concentrations [11, 12] . Both Optisol and Dexsol are found to be comparable in preventing corneal swelling during storage, possibly due to the equal concentration of dextran present in both media [13, 14] . While these studies used osmotic agents for preserving native corneas, in the case of decellularized corneas the situation may become very different, as the process of decellularization causes damage to both the ultrastructure and conformation of the ECM proteins. A recent study showed the effect of the use of dextran in combination with detergent solutions can help maintain the corneal collagen ultrastructure better than only detergent solutions [15] . Dextran helped keep check on corneal swelling during decellularization, and ultrastructural studies with TEM revealed the maintenance of collagen bundle spacing.
A significant amount of research is being carried out to develop and translate decellularized corneas in the clinic [16] [17] [18] , but none of the studies has focused on the recovery of the corneal collagen conformation inflicted by osmotic treatments during decellularization. A change in collagen secondary conformation can expose antigenic sites that are normally hidden in the α-helix, thus leading to adverse immunological responses in the host body [19] . Therefore, the aim of this study is to assess the extent of recovery of the decellularized corneal ultrastructure and collagen conformation achieved by these osmoregulatory agents, and to understand if the tissue is left germane for implantation. Goat corneas were used to assess the potential of the existing methods for the preservation of corneal properties.
Materials and methods

Cornea isolation
Cadaveric goat eyes were collected from the All India Institute of Medical Sciences, New Delhi, with prior approval from the institute's ethical committee. Corneas from the goats' ocular globe were excised under sterile conditions and washed five times in phosphate-buffered saline (PBS) (Himedia, India) (pH 7.2-7.4) containing 100 U ml −1 penicillin, 50 µg ml −1 gentamycin (Himedia, India), 100 µg ml −1 amphotericin B (Himedia, India) and streptomycin (Lonza, USA).
Decellularization
The dissected tissue was decellularized using a perfusion bioreactor (kindly provided by Prof Ivan Martin, Basel, Switzerland) [20] , as described elsewhere [3] . Briefly, TRITON X-100 (0.5% in PBS) was perfused directly through the corneal tissue using a syringe pump (KD Scientific, USA) unidirectionally at a constant flow rate of 50 µl min −1 for 48 h. Thereafter, the decellularized tissue was rinsed through the same bioreactor by a perfusing antibiotic mixture: PBS (with the aforementioned specifications), at a flow rate of 10 µl min −1 for 48 h.
Dehydration treatment
The decellularized corneas were treated with various concentrations of glycerol and dextran, as mentioned in table 1, for 3 h followed by thorough rinsing with PBS. The samples will be referred to by these codes in the rest of the manuscript, as shown in the table.
Scanning electron microscopy
For SEM analysis, all the corneal samples were first crosslinked with 4% formaldehyde solution for 20 min, after which the samples were given two consecutive washes in PBS. The samples were then dehydrated by subjecting 
Optical profiler analysis
The roughness of the corneas (n = 5) was analyzed by optical profilometry (Micro XAM-100 from KLATencor, USA). This technique relies on a non-contact mode to determine the roughness of 3D objects from nano to millimeter ranges. A 2 mm 2 area was analyzed for surface roughness in vertical scanning interferometry (VSI) mode with a vertical resolution of 3 mm.
Transparency measurement
To characterize the corneal transparency using a UV-vis spectrophotometer, each specimen was mounted and placed in PBS, and the light transmittance percentage at 300-800 nm was measured through the center of the cornea (n = 3). The transparency was estimated from light transmittance at an average of 450-600 nm in the visible region. In order to investigate the extent of the restoration of native transparency post-dehydration in different concentrations of glycerol and dextran for 3 h, the readings were measured again.
Thickness measurements
An Essdiel thickness gauge was used to measure the thickness of the corneal samples. The value of force applied to the corneas before gauging the thickness was kept at 3.92 × 10 −2 gf cm
. The least count of the instrument was 0.01 mm. The samples were taken out of the PBS, dried with the help of tissue paper and then subjected to compressive testing.
ATR-FTIR spectroscopy
An infrared spectrum was acquired in transmittance mode in the spectral region of 4000-400 cm −1 using a Bruker Alpha P ATR-FTIR with a DTGS (deuterated triglycine sulfate) IR detector and a spectral resolution of 4 cm −1 , and 240 scans were taken for each sample. The IR spectra were deconvoluted in the region 1600-1700 cm −1 . The FTIR spectra were first normalized, and then the relative area under each peak was used to determine the percentage secondary conformations in the corneal samples post-treatment. The Fourier self-deconvolution (FSD) of the spectra was performed using an Origin Version 8.5 (Origin Lab, USA). Fitting of the FSD FTIR spectra with Gaussian profiles was done in the amide I region between 1600 and 1700 cm −1 , and the different conformations were determined by the integral of the Gaussian profiles. The various secondary conformation fractions were calculated by taking the ratio of these bands to the total amide I band [3, 21] .
X-ray diffraction (XRD) analysis
XRD was used to determine the changes in the crystalline structure of the corneal collagen post-treatment. A wide-angle XRD (X'Pert PRO PANalytical-DY2022, the Netherlands) was used to scan the samples with CuKα radiation (1.5405 Å) from 0° to 50° (2θ) under an accelerating voltage of 40 kV and a 30 mA current.
Compressive strength analysis
The compression properties of the decellularized corneas post-treatment (n = 5) were measured using an H5KS mechanical tester, TINIUS OLSEN, equipped with a 1000 N load cell and a cross-head speed set at 1 mm min −1 , following the ASTM standard D1621-10 ('standard test method for compressive properties of rigid cellular plastics'). For the study, the corneal samples were first washed with PBS, pH 7.4 at 37 °C, and then tested under ambient conditions at 50% relative humidity and 26 ºC. The compressive strength was calculated under static, unconfined conditions from the stress-strain curve by applying a stress at 10% strain.
Raman spectroscopy
The Raman spectra of the corneas was obtained using a HORIBA LabRAM HR Evolution system equipped with a 532 nm diode laser at 10× magnification. This system was combined with a Leica microscope to allow confocal depth profiling, area mapping, scatter and line. The corneal samples were placed on slides and measurements were taken on five randomly selected points per sample with an integration time of 10 s.
Statistical analysis
The data has been presented as a mean ± SD. A twoway ANOVA followed by Fischer's post hoc analysis was used to analyze the significance of the variations. The difference between the groups was calculated from the respective p values. The groups with p < 0.05 were considered statistically significantly different.
Results
Corneal transparency
The loss of transparency post-decellularization was apparent from the naked eye as well as from the UV-vis spectroscopy (figure 1, online supplementary figure 1 (stacks.iop.org/BMM/11/065005/mmedia)). The native cornea (freshly isolated, figure 1(A)) appears transparent in contrast to the decellularized cornea which looks white and hazy, suggesting loss of transparency ( figure 1(B) ).
In the case of the dextran-treated corneas, the increase in transparency was inversely proportional to the increase in the concentration of dextran. For 10% dextran (2.71 ± 0.34%), the transparency was lower than the decellularized corneas (15.54 ± 1.6%), indicating the negative effect of higher order concentrations of this osmotic agent on corneal transparency ( figure 1(C) ).
In the case of glycerol-treated corneas, the transparency increase was directly proportional to the increase in glycerol concentration. A 100% glycerol level was able to regain corneal transparency comparable to the native corneas ( figure 1(D) ). Thus, glycerol is a better osmotic agent as compared to dextran for regaining the corneal transparency of decellularized corneas.
Thickness measurement
Treatment with osmotic agents helped in reducing the thickness of the decellularized corneas. Dextran treatment helped reduce corneal thickness arising from water absorption by the negatively charged proteoglycans (figure 1(E)). With an increase in dextran up to 5%, corneal thickness decreased simultaneously, while a 10% concentration showed an increase over 5% dextran (from 0.96 ± 0.06 mm to 1.1 ± 0.081 mm); 5% dextran showed comparable thickness in the native cornea. This is the standard concentration of dextran used in commercial storage media like Eusol-C. 12 However, in the case of glycerol, the corneal thickness simultaneously increased with an increasing glycerol concentration. Corneal thickness in 100% glycerol was even higher than the native level ( figure 1(F) ). Thus, dextran proved to be a more suitable osmotic agent in regaining corneal thickness.
Roughness analysis
An increase in surface roughness was observed postdecellularization over the native tissue. In the case of the dextran-treated corneas, the lower concentrations of 1.25% (1657.8 ± 63 nm) and 2.5% (1500 ± 56 nm) Figure 1 . The representative images of (A) the native and (B) the decellularized corneas (without treatment with an osmoregulatory agent) for assessing the gross loss in corneal transparency. The native corneas looked transparent while the decellularized corneas looked hazy with significant loss of transparency upon observation with the naked eye. The average light transmittance ( * p < 0.001, n = 5) through the corneas treated with various concentrations of dextran (C) and glycerol (D) in the visible region of the spectrum (450-600 nm) as compared to the positive and negative controls of native and decellularized corneas respectively. The percentage transparency increased with the decreasing concentration of dextran used for treatment, while an opposite trend was observed in the case of glycerol-treated corneas where it increased with the increasing concentration of glycerol. Measurement of the thickness of the dextran-(E) and glycerol-treated (F) decellularized corneas as compared to the negative and positive controls of decellularized and native corneas respectively ( * p < 0.001, n = 5). The process of decellularization induced significant swelling in the corneas. While dextran treatment resulted in a significant decrease in the thickness of the decellularized corneas, 5% and 10% dextran treatment resulted in a reduction of the corneal thickness to native levels. In contrast, the glycerol treatment was not very effective in reducing the thickness of the decellularized corneas. The thickness of the decellularized corneas decreased with an increase in concentration of glycerol solution.
increased the corneal roughness taking values even higher than the decellularized corneas. However, the higher concentrations of 5% and 10% decreased the values even below that of the native cornea (figures 2(A)-(G)), suggesting that a dextran concentration of 5% or higher is optimal for restoring corneal roughness. In contrast, glycerol-treated corneas showed an increase in roughness with an increasing concentration of glycerol (figures 2(H)-(N)). None of the concentrations used could attain roughness relatable to the native cornea. While 100% glycerol is a good candidate for restoring corneal transparency ( figure 1(D) ), it has a deleterious effect on the roughness of the tissue.
Morphological analysis
The native and decellularized corneas were morphologically examined for changes in their structure using SEM (figures 3 and 4). The decellularized corneas showed damaged/distorted collagen bundles and lamellae as compared to the native ones. The stacking of the corneal lamellae was disturbed, probably due to the flow of detergent solution during decellularization. The shrinkage of the lamellae observed was probably an outcome of dehydration caused by dextran treatment (figure 3) and increased consistently with the increasing dextran concentration. In the glycerol-treated corneas, we observed rapid and increased dehydration resulting in further shrinkage and de-stacking of the corneal lamellae as compared to the dextran group after 3 h of treatment (figure 4). Visually, the surface layers showed a similar trend in roughness as reflected in the optical profiling of both groups. Overall, relatively higher damage caused to the corneal morphology was observed in the glycerol-treated group.
Conformational changes
The conformational changes in the decellularized corneas post-treatment were assessed by ATR-FTIR analysis. The FTIR spectra in the amide I range (1600-1700 cm −1 ) were deconvoluted to quantitatively determine the percentage of different protein conformations present in the corneal samples (figures 5 and 6). The cornea is predominantly made up of collagen type I, which has a native α-helical structure. It has previously been reported that due to different physical and chemical conditions, this helical conformation gets distorted and transitional conformations or β-sheets are formed [22, 23] . In the present decellularization process, both stress (due to the flow of detergent solution through the corneal tissue) and chemicals (Triton X-100) play a role in inducing these conformational changes. To study the relative transition from α-helix to β-sheet conformation, their corresponding percentages and then the respective ratios were calculated for the glycerol-and dextran-treated decellularized corneal samples. As expected, the native corneas had the highest α-helix to β-sheet ratios, which decreased significantly after the process of decellularization. The percentage of random coils and β-strands also increased after decellularization of the native corneas, thus indicating the denaturation of the collagen as a result of Triton X-100 treatment, and the fluid flow through the tissue which exerts a mechanical stress on it. Dextran treatment resulted in the refolding of the corneal collagen, again to the native conformation, but the effect was not significant enough to take the α to β-ratio near to native levels (figure 5). However, glycerol treatment had a significant effect on the refolding of the corneal collagen to its native conformation, thus taking the α to β-ratio up higher-near to that of the native control corneas (figure 6). The percentage of α-conformation increased, with an increasing concentration of glycerol being maximum at 100%.
The peak at 1248 cm −1 represents the glycosaminoglycan (GAG) molecules due to the sulfated groups. This peak appeared in the native corneas, while its intensity was diminished in the decellularized ones. The glycerol-treated corneas again regained the peak at 1248 cm −1 demonstrating their possible re-association with the collagen molecules. The dextran treatment could not regain it at the 1.25% and 5% concentration, demonstrating no clear effect of dextran concentration on GAG-collagen association.
XRD analysis
XRD analysis was done to analyze the presence of the β-sheet conformations developed in the corneal collagen as a result of the decellularization process (figures 7(A) and (B)). The osmotic agents induced the transition of α-helical collagen conformation to the β-sheet conformation as evident from the appearance of a prominent peak at around 4 Å, which is attributed to the formation of the β-sheet structure [24] [25] [26] . The exact peak for the formation of the β-sheet structure appears at 4.7 Å, which arises from the lateral distances between the β-sheet chains imposed by the distance of the main chain hydrogen bonding. The peak at 4 Å thus signifies the transitional conformation from the α-helix to the β-sheet due to the effect of the decellularization process on corneal collagen. The native corneas did not show this peak due to the insignificant amount of β-sheet conformation present in them, while the decellularized corneas showed a prominent peak around 4 Å. The peak intensity decreased due to glycerol treatment because of the reversal of the transitional conformations back to the native α-helical conformation ( figure 7(B) ). However, those treated with 5% dextran showed an abrupt increase in β-sheet-related transitional conformations ( figure 7(A) ). This is the commercially used concentration of dextran used in storage media. This shows the negative effect of dextran on the conformation of corneal collagen as compared to the glycerol treatment, which helped in the refolding of the corneal collagen towards the native one. peak was higher than that of the 1633 cm −1 peak.
Raman analysis
However, the decellularized corneas showed a higher intensity of 1633 cm −1 peak as compared to the 1660 cm −1 peak, demonstrating the denaturation of the corneal collagen α-helical structure into transitional conformations including the β-sheet. The dextrantreated decellularized corneas demonstrated an increase in 1660 cm −1 peak intensity as a function of the decrease in dextran concentration, while the opposite was observed for the β-sheet peak ( figure 8(A) ). The glycerol-treated corneas, on the other hand, showed a directly proportional relationship between the 
cm
−1 peak intensity and glycerol concentration, indicating the role of glycerol in refolding the corneal collagen into its native conformation ( figure 8(B) ).
Modulation of the secondary conformation of collagen can also be analyzed by the amide III band. The major peak at 1271 cm −1 in the amide III region indicates the polar-proline-poor regions of the collagen molecules, indicating the presence of the α-helical corneal collagen structure, while the peak at 1247 cm groups present in keratan sulphate vibrate to generate specific spectral peaks in Raman analysis. These peaks can be utilized to assess the changes happening in their structure and quantity. The peak around 1000 cm −1 corresponding to OSO 3 − appeared in all the samples with a decreased intensity in the decellularized corneas as compared to the native ones. This indicates a loss of proteoglycan content during the process of decellularization. The glycerol treatment showed a marked trend in the intensity of the GAG band, which increased with the increasing concentration of glycerol on a par with the native corneas. This indicates that the keratan sulphate molecules again attach to the collagen molecules due to an increase in the native α-helical conformation of the collagen, as demonstrated in the XRD results. However, the dextran treatment does not show a par ticular trend in the intensity of the GAG bands, indicating the failure of dextran in recovering the native collagen conformation, in the absence of which the keratan sulphate molecules were unable to bind to them. This observation was in accordance with the ATR-FTIR and XRD results.
Compressive analysis
The compressive testing of the dextran-and glyceroltreated decellularized corneas as compared to the native and decellularized ones are shown in figures 9(A)-(D). The force-displacement curves show that all the treated corneas, except the ones treated with 100% glycerol, have the typical curves as those of the native ones. The corneas treated with 100% glycerol show breaks at regular intervals, probably suggesting a high level of tissue dehydration rapidly caused. The decellularized corneas show a decreased Young's modulus as compared to the native ones. The dextran treatment caused an increase in the Young's modulus of the decellularized Figure 7 . XRD analysis of the dextran-(A) and glycerol-treated (B) decellularized corneas as compared to the negative and positive controls of decellularized and native corneas respectively. The peak at around 4 Å, which denotes the transition from α-helix to β-sheet conformation, was taken to assess the conformational transition in the samples. The dextran-treated corneas showed a decrease in β-sheet conformation at a lower concentration of 1.25% and 2.5%, while it even surpassed that of the decellularized controls with higher dextran concentrations of 5% and 10%. Thus, it revealed the ineffectiveness of the commercially used concentration of dextran, i.e. 5% in the conformational reversal of corneal collagen. In the case of the glycerol-treated corneas the β-sheet content decreased as a function of increasing glycerol concentration, thus indicating the effectiveness of glycerol in the transition of collagen conformation to the native state.
corneas as a function of the decreasing concentration of the dextran. However, in the case of glycerol the Young's modulus increased with an increasing concentration up to 75%, but 100% glycerol showed a reduced modulus owing to the rapid dehydration of the tissue that caused the disruption of the corneal ultrastructure, as visible in the SEM analysis.
Discussion
To bridge the gap between the need for and availability of freshly isolated donor corneas from cadavers, different decellularization protocols, involving chemical, enzymatic, physical and other strategies, are being developed [28] . All these strategies focus on Figure 8 . The Raman spectra of the dextran-(A) and glycerol-treated (B) decellularized corneas as compared to the negative and positive controls of the decellularized and native corneas respectively. The peaks at 1660 cm −1 and 1633 cm −1 correspond to the α-helix and β-sheet conformations respectively. The process of decellularization increased the β-sheet content while decreasing the α-helical conformation of the corneal collagen molecules, as is clear from the amide I region. The dextran treatment resulted in the slight reversal of the transitory conformational structure towards the native α-helical conformation as confirmed by the amide III peaks. The glycerol treatment was found to effectively drive the transitory conformation of corneal collagen towards the native α-helical conformation. The GAG region confirmed the attachment of keratan sulphate to the collagen again upon treatment with glycerol, which drives the conformation again towards the native form.
rupturing the corneal cells and washing out any debris, antigens and DNA from the tissue that may cause an immunological response in the host body. Many studies have also shown the implantation of these decellularized corneas into animal models, but they fail to show the functionality and long-term stability of these animal subjects [16] [17] [18] . Even completely decellularized tissues may show both immunogenic and thrombogenic response in the host bodies [29] . This response can be against the extracellular matrix components that are generally thought to be non-immunogenic, as was observed in a disastrous xenogeneic decelluarized pediatric heart valve implantation trial in which three of the four children died [30] . The cornea is an immune privileged site because of avascularity, the occurrence of immunomodulatory factors in aqueous humor, the lack of lymphatics, the comparative scarcity of mature antigen presenting cells in the central cornea, the blood/eye barrier and the expression of the Fasligand (CD 95 L) in the eye [31] . Even then, allogenic corneal grafts have a rejection rate of 25%, caused by the primary inflammatory response of the tissue after transplantation. Sometimes, this response can inflate into a cell-mediated immune response by the triggering of T-cells [32] . Apart from the cellular and antigenic causes of the immunogenicity of the graft tissue in the host body, it may also depend on the conformation of the collagen molecules present in the corneal stroma [24] . Antigenic sites hidden in the helical region of collagen may be exposed when the native secondary conformation is disoriented [19] . Different protein conformations in a biomaterial are found to cause varied innate and adaptive immune responses in the host's body [33] [34] [35] ; thus, changes in the collagen conformation due to chemical and physical treatments could worsen the situation when transplanted into it.
Furthermore, the change in collagen conformation also affects other properties of the corneal tissue, including transparency, thickness and mechanical, which are also critically important attributes while implanting a corneal graft into the host. In this study, we tried to correlate these properties and the conformational changes of the extra-cellular matrix (ECM). To the best of our knowledge this is the first study to explore modulation in the macromolecular ultrastructure of the cornea due to the effect of osmoregulatory agents and its implications for the corneal material properties that could also result in immune rejection.
Corneal transparency is the most vital material property that needs to be conserved during the process of decellularization, in order to keep the graft viable for implantation. This depends upon the lattice arrangement of the collagen fibrils in the stroma as well as optimum hydration of the collagen and other ECM molecules [34] . The corneal stroma organized into orthogonally arranged lamellae consists predominantly of collagen type I molecules, and the associated proteoglycans are mainly keratin sulfate. The collagen Figure 9 . Compressive analysis of the dextran-(A) and glycerol-treated (C) decellularized corneas as compared to the negative and positive controls of the decellularized and native corneas respectively. Both the dextran-and glycerol-treated decellularized corneas show the same curve as the native corneas, but the 100% glycerol-treated decellularized corneas show breaks at regular intervals meaning damage has been caused to the corneal structure due to rapid dehydration. The Young's modulus of the dextran-treated corneas (B) was below native levels, while that of the glycerol-treated ones (D) surpassed the native levels at 75% concentration. A 100% glycerol level shows that a reduced modulus can reflect the damage caused to the structure. fibrils are arranged in a quasi-regular hexagonal packing with an interfibrillar distance of 40-60 nm. This precise arrangement of collagen fibrils in the lattice structure is responsible for its interference with the light which makes the corneal tissue transparent [35] [36] [37] . The sulfated proteoglycans consist of core protein covalently bound to a negatively charged linear GAG sidechain. The core protein binds to the corneal collagen fibrils [38] . However, the most recent theory brings proteoglycans to the center stage of corneal transparency by suggesting their role in maintaining the lattice structure of the corneal collagen fibrils. The Chst 5 1 gene from mice was used to show the importance of keratin sulfate with the predominant GAG molecule present in the cornea in maintaining the collagen fibrillar lattice [39] . Various studies have shown the role of proteoglycans in forming bridgelike structures between collagen fibrils. These bridgelike structures consist of a proteoglycan core protein molecule (decorin) binding to the collagen fibril while the GAG sidechain interacts with that of the other proteoglycan molecules from adjacent collagen fibrils [40, 41] . These GAG sidechains interact with each other in an antiparallel manner despite the opposing charges present on the interacting chains [42] . This explains the importance of proteoglycans and core proteins in maintaining the lattice structure of collagen, and in turn transparency.
In the case of glycerol, the rapid dehydration caused a gross morphological change in the decellularized corneas; they were constricted from the edges so that the thickness increased. Thus, while glycerol treatment is a viable option for restoring transparency, it is not suitable for making the decellularized corneas useful for procedures like DALK, as the thickness needs to be controlled for such procedures. The roughness studies demonstrated the same trend as the thickness results, which may be attributed to the mild concentrations used in the case of dextran, and helped to take the roughness of the decellularized corneas below even native levels. However, very high glycerol concentration caused rapid dehydration of the tissue, increasing its roughness due to damage to the corneal collagen bundles. An increase in corneal roughness is also observed after procedures like scanning excimer laser ablation and laser-assisted in situ keratomileusis (LASIK) [43] , due to transverse contraction of the corneas, which was also observed in the case of glycerol-treated decellularized corneas. The increased roughness was also thought to be a possible reason for the subepithelial haze after these surgeries [44] . The morphological analysis by SEM confirmed the roughness analysis and showed distorted corneal lamellae after decellularization, which further increased with glycerol treatment, while it remained more or less the same for dextran treatment. This was responsible for the increase in roughness as seen in the optical profilometry. Hence, none of the osmoregulatory agents could recover both the thickness and roughness of the decellularized corneas to native levels simultaneously.
Finally, the conformational changes inflicted due to the decellularization process and osmoregulatory agent treatment were studied to correlate with the changes occurring in the corneal properties. Sodium dodecyl sulfate (SDS) is known to denature proteins if exposed for a long duration because of the disrupting action of the charged polar head group of the SDS molecule, which interferes with the hydrogen bonds present in the protein [22] . This results in conformational changes in the collagen molecules over a period of 2 d during which the process of decellularization is carried out. Shear stress generated during decellularization may be another factor responsible for the denaturation of the collagen molecules. It has been reported that hydrostatic pressure generated by water imparts conformational changes in the collagen molecules in tendon and bone [23] . Even subtle changes in osmotic pressure developed by proteoglycans in the vicinity of collagen molecules could result in the generation of macroscopic shear stress and inflict conformational changes, like disruption of the collagen triple helix and the formation of intermediate trans itional conformations [23] . A similar study on keratin showed the effect of stress and hydration on conformational changes [25] . The authors demonstrated that hydrated keratin molecules when stretched show a conformational change from an α-helical structure to a β-sheet through randomly ordered transitional conformations. The mechanism involves two steps: the first is the unraveling of the α-helix into an unordered structure or random coils which then transforms into β-sheets. This conformational transition propagates from the center of the molecular chain towards the ends during which water plays the role of a polymer plasticizer [25] . Both of these conditions of excessive hydration and shear stress prevail during the decellularization of the corneal tissue, which is validated by the fact that both the percentage of random coils and the β-sheet increased after the process of decellularization.
This conformational change of collagen molecules can also be related to the loss of transparency of the corneas. The transparency of the cornea depends on the hexagonal collagen lattice structure which is maintained by optimal hydration of the tissue. Both these functions are essentially performed by the proteoglycan molecules. Thus, the interaction between the proteoglycan molecules and collagen fibrils is of utmost importance for maintaining corneal transparency. Proteoglycans bind to the collagen molecules through their core proteins, which are essentially small leucine rich proteins. Keratan sulphate, which is the most abundant proteoglycan in the cornea, has decorin (figure 10(A)) as its core protein. Decorin, like all other small protein rich proteoglycans (SLRPs), bind to the collagen molecules from their concave side [45] . The horseshoeshaped protein binds to a polar sequence of collagen type I in the D-band. The decorin molecule can bind to a ~3 nm length of the collagen triple helix. Further mutations made in the concave side of the decorin stall its ability to bind with the collagen confirming its role in collagen binding [46] . It has also been demonstrated that deficiency of SLRPs, such as lumican, leads to corneal opacity because of the thick, irregular and loosely packed collagen fibrils that disrupt lamellar organization [47, 48] . These defects are mainly concentrated in the posterior part of the cornea, as it is the most highly lumican-rich region of the tissue and is also characterized by mature collagen fibrils. These defects alter collagen organization and thus increase the light reflectivity of the corneas making them opaque [49] [50] [51] [52] .
Based on the above-mentioned observations we propose the following mechanism for the loss of transparency in the cornea. When the collagen triple helical conformation is altered, its binding with decorin is hindered, as the decorin concave surface can structurally only bind to a triple helical collagen helix ~3 nm in length. The GAG bridges will not then form between the collagen fibrils, resulting in an altered collagen lattice in the cornea and thus resulting in loss of transparency ( figure 10(B) ). This mechanism therefore explains the cause of the loss of transparency of the corneas during the decellularization process, which can only be reversed if the collagen conformation can be reversed to its native triple helical conformation. This mechanism is in line with the existing theories of corneal transparency, explaining the development of haze during surgical procedures like DALK and LASIK. This mechanism could help in explaining the process associated with the loss of transparency during decellularization and its partial recovery by osmoregulatory agents. Osmoregulatory agents like dextran and glycerol help to regain the native conformation of collagen fibrils so that the decorin molecules can again form contacts with them and regain the transparency of the corneal tissue. However, these two osmoregulatory agents fail to fully achieve this conformational reversal and thus fail to regain the native properties of the cornea.
According to the results obtained in the present study, glycerol helps reverse the collagen molecules to their native conformations by maintaining tissue hydration, but it causes gross damage to the corneal ultrastructure because of rapid dehydration. It also causes corneal constriction, an increase in corneal thickness as well as roughness. In contrast, although dextran helps to reduce thickness and roughness, it fails to restore any other properties. The problem of collagen denaturation is universal with all decellularization methods, as all of them use either detergents, shear stress or rapid freezing-all of which can impart modulation in collagen conformations. This study highlights the use of collagen conformation as an indexing parameter for assessing the viability of decellularized corneal tissues for implantation. Thus, in order to look ahead to the transportation of decellularized corneas to clinics, firstly an osmoregu-latory media needs to be developed that can restore collagen conformation to the native state and thus restore corneal transparency. One strategy could be the use of a gradient of glycerol so that the corneas do not constrict, a strategy which is also followed during gradient alcohol treatment while dehydrating tissue during histology. Another option may be the use of a mix of different osmoregulatory agents like glycerol and dextran so that both can have a positive effect, help restore the corneal collagen native conformation and thus transparency. As conformational, ultrastructural and mechanical changes in corneal collagen may evoke an adverse immune response and loss of functionality in the host, a study of the ultrastructural conformation of corneal collagen is of high significance regarding the success of the decellularized corneal matrix for implant ation.
Conclusion
The present study demonstrates that the osmoregulatory agents, namely glycerol and dextran, which are presently used clinically for corneal deswelling, were found to be partially competent in restoring the collagen conformation of decellularized corneas. This study reports on the role of collagen conformation in maintaining the physical properties of the cornea, including transparency. We propose and explain the mechanism which causes the loss and regaining of corneal transparency, involving the interaction between collagen and decorin. This will help in understanding the loss of corneal transparency during DALK and LASIK surgeries.
